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Abstract—In this paper, a modified direct torque control (DTC) 
for permanent magnet  synchronous  machine  is proposed,  which 
enables  important torque   and  flux  ripple  reduction  by  using 
voltage vectors with variable amplitude and angle. Conventional 
DTC  presents  some  drawbacks, including  large  torque  ripple, 
variable switching  frequency  and  acoustic noise. The reason lies 
in that t h e  switching table  is composed  of a limited  number  of 
discrete voltage vectors with fixed amplitude and position. More- 
over,  the  selected  vector  will work  during  the  whole sampling 
period,  a n d  hence  their  effects  on  torque  and  flux may  
usually  be too large or too  small. In  the proposed  DTC, the 
amplitudes of torque and flux errors are differentiated and they 
are employed to regulate the amplitude and position of the output  
voltage vectors on-line,  which  would  finally  be  synthesized   
by   space  vector modulation (SVM). Two simple formulas  are 
developed to derive the  amplitude and  position  of the  
commanding voltage  vectors from the errors  of torque and flux. 
Conventional  switching table and  hysteresis  controllers   are  
eliminated   and  fixed  switching frequency  is  obtained   with  the  
help  of  SVM.  Stator   flux  is estimated  from  an  improved  
voltage  model,  which  is  based  on a low-pass filter with 
compensations  of the amplitude and phase. The proposed DTC 
exhibits excellent dynamic  performance and significant  torque  
ripple   reduction  at  steady  state,  which  are validated  by the 
presented  simulation  and  experimental results. 
 
Index  Terms—Torque  control,  AC  motor  drives,  permanent 
magnet  synchronous motor,  space vector  modulation, low-pass 
filters 
 
 
NOMENCLATURE 
αβ Stationary stator reference frame axes 
ψr Rotor flux vector in stationary coordinate 
ψs Stator flux vector in stationary coordinate 
is Stator current vector in stationary coordinate 
us Stator voltage vector in stationary coordinate 
δ Electrical angle between stator flux vector and rotor 
flux vector 
ω Rotor speed 
ψd, ψq      d-axis and q-axis stator flux 
ψf Permanent magnet flux 
θr Rotor angle 
dq Rotary rotor reference frame axes 
id, iq d-axis and q-axis stator current 
Ld, Lq   d-axis and q-axis inductance 
Ls Synchronous inductance 
p Number of pole pairs 
Rs  Stator resistance 
Te Electromagnetic torque 
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ud, uq      d-axis and q-axis stator voltage 
 
 
I.  INTRODUCTION 
 
Permanent magnet synchronous machines (PMSM) are re- 
ceiving wide attention for industry applications due to their 
high efficiency, high power/torque density and high reliability 
[1]–[3]. For the applications requiring high dynamic perfor- 
mance, current vector control (CVC) is often employed [4], 
[5]. Recently another high performance control technique, 
named direct torque control (DTC), which was initially de- 
veloped  for  induction  motor  (IM)  drives  [6]–[8],  has  also 
been investigated in PMSM drives [3], [9]–[11]. Compared to 
CVC, DTC directly manipulates the final output voltage vector 
without  the  need  of  inner  current  loops,  and hence  
eliminates the  inherent delay  caused by  current loops  and  
features a high dynamic response. All calculations are 
implemented in stationary coordinate, so the structure of DTC 
is simple. Moreover, DTC only needs the stator resistance 
to estimate the stator flux, so it is less affected by the motor 
parameter variations. 
Despite the merits above, DTC also presents some draw- 
backs, including large torque ripple, variable switching fre- 
quency along with acoustic noises, among others [8], [12], 
[13]. This is because DTC is a kind of heuristic method in 
essence,  which uses hysteresis  comparators and  stator flux 
position  information  to  determine  the  final output  voltage 
vector  from  a  switching  table.  The  hysteresis  comparators 
only consider the signs of torque and flux errors, and do not 
differentiate their amplitudes. Furthermore, the switching table 
is composed of a limited number of discrete voltage vectors 
with fixed length and position. If a vector is selected, it will 
work during the whole sampling period, which may regulate 
the  torque and  flux too  much or  too  less. Because of  the 
reasons above, although good dynamic performance and strong 
robustness  are  achieved  in  classical DTC,  it  also  brings  a 
variable switching frequency and large torque ripple. 
To overcome the drawbacks of the classical DTC, many 
methods have been proposed in the literature [2]–[4], [11], 
[13]–[22]. These methods can be divided into various cate- 
gories based on different philosophy or views. As DTC motor 
drives are mostly fed by voltage source inverters (VSI), where 
voltage vectors are the final output variables, it is possible to 
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obtain improved performance by adjusting the intensity of the 
voltage vector moderately. There are two properties for the 
voltage vectors, i.e. amplitude and position, so the effect of 
voltage vector can be regulated from these two aspects. 
Some authors changes the vector length by adjusting the 
duty ratio of the active vector, i.e. one or two active vectors and 
one null vector are applied during one sampling period [21], 
[23]–[25]. The active vector is obtained from the conventional 
switching table, and the duty ratio is determined according to 
various principles, including torque ripple minimization [23], 
[25], [26], fuzzy logic adaptation [24], equalizing the mean 
torque with the reference value over one cycle [21], etc. These 
methods are complicated and usually require the knowledge 
of motor parameters and rotor speed, which negates the merits 
of classical DTC. 
Other authors [27] paid more attention to the angle of 
voltage vector by selecting the voltage vector located within 
a certain area. Two methods for obtaining the voltage vector 
angle were proposed in [27]. The first method employs 
torque and flux errors to acquire the voltage angle, while the 
second relies much on the knowledge of motor parameters, 
hence decreasing the robustness and simplicity. Furthermore, 
in both methods, only angle of the voltage vector is considered 
and the amplitude is kept constant, so the performance 
improvement is limited. 
Space vector modulation (SVM) can produce arbitrary volt- 
age vector with any amplitude and angle within the linear 
range, so it has been widely adopted in DTC to regulate the 
torque and flux more moderately and accurately [3], [8], [10], 
[11], [17], [27]–[32]. Another advantage of employing SVM 
is that fixed switching frequency can be obtained. A multitude 
of schemes were developed to obtain the commanding voltage 
vector, including deadbeat control [17], indirect torque control 
[19]  or  variations  [32],  stator  flux oriented  control  or  the 
like [3], [8], [11], [28]–[30], etc. Different torque and flux 
controllers  are  incorporated  in  the  system  to  produce  the 
desired d-axis and q-axis voltage component, including pro- 
It can solve the problems such as neutral point balance at 
the pulsewidth modulation level, hence decoupling the per- 
formance improvement of DTC from the circuit limitation. 
However, the voltage vector amplitude is constant in [18], so 
the torque ripple reduction is not obvious. 
Recently model predictive control (MPC) was introduced 
to achieve high dynamic torque control [15], [16], [34]. It is 
similar to DTC only in that they both directly select one and 
only one voltage vector. However, their principles are very 
different. DTC uses a heuristic switching table to obtain the 
output vector quickly, while MPC defines a cost function to 
evaluate the effects of every possible voltage vector and the 
one minimizing the cost function is selected. Although it can 
achieve better performance, MPC requires more intensive 
computation and relies heavily on the accuracy of system 
model and parameters [34]. 
In this paper, an improved DTC is proposed, which elim- 
inates the use of hysteresis comparators and switching table. 
It makes full use of the ability of SVM to produce arbitrary 
voltage vector. Different from the existing methods, both the 
amplitude and angle of voltage vector are considered and they 
are devised from the torque and flux errors only, so the 
improved DTC features a simple structure and maintains the 
parameter robustness of conventional DTC. The position of 
stator flux is still needed in the proposed DTC. A low-pass 
filter (LPF) based estimator with compensations of amplitude 
and angle is employed to obtain this information. The LPF 
based voltage model requires stator resistance only and has 
been successfully applied in the stator flux oriented control 
[35]. Simulation and experimental results are given in this 
paper to confirm the effectiveness of the proposed schemes. 
 
II.  MODEL OF PMSM 
A. Machine 
Equations 
The  dynamic  model  of  a  PMSM  machine  in  the  rotor 
synchronous dq coordinate can be expressed as 
portional integral (PI) controller [29], sliding mode controller 
[10], and so on. The SVM-based DTC provides low torque 
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ripple and fixed switching frequency. The main drawback is 
that most of them require rotary coordinate transformation, 
 
 
and the stator flux equations are 
(1) 
much knowledge of motor parameters and high computational 
ability, so the robustness and simplicity of conventional DTC 
   
ψd = 
   
Ld 0  
       
id + 
  
ψf 
 
(2) 
are sacrificed. 
To eliminate the parameter dependence, some authors sug- 
ψq 0 Lq iq 0 
The electromagnetic torque is expressed as 
gested using discrete SVM [8], [22]. A more accurate and 3 3 
complex switching table is constructed by dividing one sam- 
pling  period into two or three intervals, using more levels 
Te = 2 p (ψdiq − ψq id) = 2 p [ψf iq + (Ld − Lq ) idiq ]    (3) 
3p |ψs | 
in  the  hysteresis  comparators  and  taking  rotor  speed  into 
account. This method leads to reduced torque ripple,  
= 
4LdLq 
[2ψf Lq sin δ + |ψs | (Ld − Lq ) sin 2δ] (4) 
but at the cost of complexity in switching table, especially 
when the number of intervals increases. Another method to 
obtain increased number of voltage vectors is to use 
multilevel inverter [13], [18], [33], which increases the 
hardware cost and system complexity, because other problems 
concerning circuit topology limitation, e.g. neutral point 
balance for three- 
level inverter DTC [13], should be addressed. Recently discrete 
and it is composed of two parts: the permanent magnet torque 
and the reluctance torque caused by the rotor saliency. 
For  surface-mounted  PMSM (SPMSM) without saliency, 
the  d-axis and q-axis inductance are equal to  synchronous 
inductance, i.e. Ld  = Lq  = Ls. The torque does not  include 
the reluctance torque and is simplified as 
3 3  ψf |ψs | 
SVM  has  been  extended  to  three-level inverter  DTC  [18]. Te = 2 pψf iq  = 2 p L sin δ (5) 
4  
 
 
T 
s  dt s s  s r 
T 
T 
T 
T 
T T 
 
 
and the voltage equations and stator flux equations are also 
simplified. They can be expressed  in stationary frame (the 
components indicated by αβ) using complex vector as 
us  = Rsis + pψs (6) 
ψs = Lsis  + ψr (7) 
where ψr   = ψf ejθr     and the torque in stationary frame  is 
expressed as 
[21], [23], [24] only. Because only the knowledge of torque 
and flux errors is required, the dependence on motor model 
and parameters is eliminated, as introduced in Section III. 
 
III.  PROPOSED DTC SCHEME 
A. Voltage Vector Angle Determination 
 
In conventional DTC, if the stator flux vector is located 
within a certain area, such as ±30◦, a fixed vector 
(V2 ,V3 ,V5   or 3 3 Te = 2 pψs  ⊗ is  = 2 p (ψsαisβ − ψsβ isα)  (8) 
 
 
 
B. Effects of Voltage Vectors on Torque 
From (5), it is found that the torque Te  can be changed 
quickly by adjusting the angle δ [9]. This is the basic principle 
of conventional DTC. The differentiation of Te  with respect 
to time t is 
V6 ), depending on the sign of torque and flux errors, will be 
selected regardless of the amplitudes of errors, as illustrated 
in Fig. 1. This achieves good robustness, but fails to regulate 
torque and flux accurately and moderately. To achieve better  
performance, the  angle  of  voltage  vector  should  be 
determined according to the torque and flux errors and stator 
flux position, as illustrated in Fig. 2. 
 
 
T
 
dTe  = dTe dδ = 3 p ψf |ψs | cos δ dδ 
 
(9) 
 
e s 
V3(010) 
e s 
V2(110) dt dδ  dt 2 Ls dt 
For VSI-fed DTC, the voltage vector is the sole controllable 
input variable, so the change of angle δ can be only achieved 
through the effects of voltage vectors. From (6), if neglecting 
the stator resistance voltage drop, it is seen that the stator flux 
ψs  can be changed quickly by changing the applied voltage 
vector,  and  then δ  changes, resulting i n  fast  torque 
response. However, the relationship between δ and us  is 
complicated, 
so the analysis above is just a crude heuristic analysis and it 
 
 
 
s 
V4(011) V1(100) 
 
 
 
 
 
V (001) V (101) 
is desirable to obtain the direct relationship between Te  and 5 6 
us . 
From (6) and (7), we can get 
L dis   = u − R i − jωψ (10) 
From (8), the torque differentiation with respect to time t is 
e s e s 
 
Fig. 1.    Vector selection in conventional DTC 
 
 
 
 
10 deg. 
dTe  = 3 p 
   
dψs dis   
(11)
 
dt 2 dt  
⊗ is +
 dt 
⊗ ψs
 area II e s 
Substitute (6), (7) and (10) into (11) and omit the tedious 
derivation process, the final torque differentiation is e s 
area I 
 
10 deg. 
dTe 3 3 Ls  dt  = −RsTe − 2 pωψr   ψs + 2 pψr  ⊗ us 
= ∆Te1 + ∆Te2 + ∆Te3 (12) 
It is seen from (12) that the torque differentiation is composed 
of three parts, just similar to the case in induction motor [23]. 
The first part ∆Te1  is always negative with respect to Te; the 
second part ∆Te2  is also negative and proportional to  rotor 
speed; the last term ∆Te3  is positive and it  reflects 
the effect of stator voltage on Te. ∆Te3  tells that the  cross 
product of us  and ψr   determines the rising slope of  torque. 
 
 
 
 
 
 
area III 
 
e s 
 
Fig. 2.    Vector selection in proposed DTC 
s 
 
 
area IV 
 
e s 
Because ψr   is a rotating vector with constant amplitude of 
PM flux, the effects of ∆Te3 can be regulated by changing the 
intensity of us , which is achieved by adjusting the amplitude 
and position. 
In this paper, both the amplitude and position of the voltage 
vectors will be regulated, so better performance is expected 
than those changing vector position [18], [27] or amplitude 
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If the stator flux angle ϕ is known and the toque and flux 
should increase, the candidate vector can be selected from 
the  shaded area  I  within the  range  of  (ϕ + 10◦, ϕ + 80◦). 
The area within (ϕ, ϕ + 10◦) and (ϕ + 80◦, ϕ + 90◦) are not 
considered to avoid sharp change in flux and torque. When 
the torque error is large or small, the vector near ϕ + 80◦  or 
ϕ + 10◦   should be selected, which considers the amplitude 
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of torque error. From the view of torque regulation, the angle 
increment of voltage vector with respect to stator flux position 
is expressed as 
IV.  STATOR FLUX ESTIMATION 
Accurate stator flux estimation is mandatory for the stator 
flux loop control and the synthesis of commanding voltage 
  
ET 
    
π 
  
T ∗ Te 
    
π vector in (17). There are two kinds of models to estimate 
∆ϕT  = 
    · = 
  e −     · (13) the stator flux: voltage model and current model. The voltage   CT      2 CT 2  model  shown  in  (6)  is  preferred  because  it  only  requires 
where  T ∗ is  the  reference values  for  torque and  CT    is  a the stator resistance while the current model (7) requires the 
positive constant. For the purpose of stator flux regulation, 
the angle increment of voltage vector should be negatively 
proportional to the stator flux change, i.e. 
knowledge of rotor position and d-axis and q-axis inductance. 
Directly integrating the back electromotive force (EMF) is not 
practicable in digital implementation, because it suffers from 
the problems of dc drift and initial value. To eliminate the dc 
  
Eψ 
      
π
   
ψ∗
 
ψs 
         
π ∆ϕψ  = 1 − 
 
 · = 1 − 
   s −        · (14) component, a high-pass filter (HFP) should be incorporated. A   Cψ   2 Cψ 2 pure integrator in series with a HPF is equivalent to a  
where ψ∗   is the reference values for torque and Cψ  is a 
posi- tive constant. (13) and (14) reflect the influences of 
amplitudes of torque error and flux error on the angle 
increment of voltage 
vector,  which  are  not  considered in  conventional  DTC.  In 
filter LPF and there are steady state errors in magnitude and 
phase, so appropriate compensation is necessary to enhance 
the steady performance. The steady errors in the amplitude 
and phase of LPF with respect to ideal integrator are 
practical application, the torque change should be considered ωe ∆θ = arctan π ωc = − arctan 
 
(18) preferably, so different weight factors are imposed to (13) and 
(14). The final angle increment of voltage vector with respect 
 
p
ω2
 ωc  
− 2 ωe 
2
 
 
to stator flux is ∆G =   e 
+ ωc 
ωe 
 
(19) 
 
 
∆ϕ = 

k∆ϕT  + (1 − k) ∆ϕψ area I 
k (π − ∆ϕT ) + (1 − k) (π − ∆ϕψ ) area II 
−k∆ϕT  − (1 − k) ∆ϕψ area III 
where ωe   is the synchronous frequency of stator flux and ωc 
is the cut-off frequency of LPF. Knowing the steady errors, 
the corresponding compensation is designed as 
k (−π + ∆ϕT ) + (1 − k) (−π + ∆ϕψ )    area IV 
p
ω2  + ω2 ωc ωc 
(15) G = ∆G × e
∆θ  = e c e− arctan ωe    = 1 + ωe 
 
jωe 
(20) 
where k is a positive constant and it is usually chosen 
larger than 0.5 
to give torque change more weighting factor. 
 
 
B. Voltage Vector Amplitude Determination 
 
The influences of voltage vector on torque and flux are not 
only decided by the angle, but also by the amplitude, as shown 
in (12). The length of applied voltage vector can be regulated 
by adjusting its time duration during one sampling period, 
which is also defined as duty ratio [24], and the rest of time is 
In conventional LPF, fixed cut-off frequency is employed 
and the performance will degrade when the stator frequency 
is lower than the cut-off frequency, especially at low speeds. 
Very low cut-off frequency can mitigate this problem, but the 
effectiveness  of  eliminating dc  component is  degraded.  To 
improve the performance, the cut-off frequency should vary 
with the stator frequency, i.e. ωc  = kωe, where k is usually 
chosen between 0.1 and 0.5. The synchronous frequency ωe 
can be calculated from stator flux as 
allocated for a null vector. In the previous literature [21], [23]– ωe  = 
ψs ⊗ pψs 
2 = 
ψα (uβ − Rsiβ ) − ψβ (uα − Rsiα) 
α + ψ2
 
[26], the working time or duty ratio of the nonzero vector was 
obtained  through analytical methods, requiring complicated 
kψs k ψ2 β  
(21) 
calculation and accurate motor parameters, which negates the 
merits of DTC. In this paper, a very simple method to obtain 
the duty ratio or equivalent voltage vector length is proposed, 
which is expressed as 
The whole diagram of LPF with compensation is illustrated 
in  Fig. 3.  Fig. 4  shows  the  simulation results of  real and 
estimated stator flux when the PMSM starts from standstill to 
1000 rpm using the proposed DTC. It is seen that the estimated 
flux converges to the real flux quickly and they are exactly   
ET 
    
Eψ 
    
T ∗
   
ψ∗
 
m = 
    + 
    = 
   e − Te   + 
    s − ψs   (16) matched in the steady state.   CT     Cψ   CT Cψ 
m is normalized with respect to maximum peak value of phase √ 
voltage in the linear range, i.e. Udc/ 3, where Udc   is the 
dc bus voltage. In practical use, rated torque and stator flux 
provide a quick reference for CT   and Cψ , which can be easily 
obtained from the nameplate of machine. 
Based on (15) and (16), the final output voltage vector is 
expressed as 
V = m · ej(ϕ + ∆ϕ) (17) 
 
and it is synthesized by SVM. 
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V.  EXPERIM ENTAL RESULTS 
The proposed DTC was experimentally tested in a two-level 
inverter-fed PMSM motor drive. The structure of the whole 
system is illustrated in Fig. 5. A dSpace DS1104 PPC/DSP 
control board is employed to implement the real-time al- 
gorithm coding using C language. A three-phase intelligent 
power module equipped with IGBTs is used for an inverter. 
The gating pulses are generated in the DS1104 board and then 
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TABLE I 
s Rs is 1 
 
1   c    
s 
MOTO R  A N D SY S T E M PA R A M E T E R S 
s c j e 
Rated power PN 1kW 
Number of pole pairs p 3 
Permanent magnet flux ψf 0.1057 Wb 
Stator resistance 
d-axis and q-axis inductance 
Rs 
Ld , Lq 
1.8Ω 
15 mH 
 
c      k 
 
 
 
Fig. 3.    LPF with compensation 
 
e         s   s  
2 
s 
Rated speed nN 2000 rpm 
Rated torque TN 4.8 Nm 
Rated line-line voltage UN 128 V 
Sampling period Ts 100 µs 
Speed loop sampling period Tspeed 1000 µs 
Torque constant gain  CT       2 Nm 
Flux constant gain  Cψ  0.1 Wb 
Stator flux reference ψ∗ 0.12 Wb   s   
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0 
 
−0.1 
 
 
real flux 
 
 
 
 
 
 
estimated flux 
 
 
Firstly, the steady-state responses at low and high speeds 
are investigated. Fig. 6, Fig. 7 and Fig. 8 present the steady 
low  speed  response at  200  rpm  without load  for  classical 
DTC, DTC1 and DTC2, respectively. From top to bottom, 
 
 
 
0.1 
 
0 
 
−0.1 
0 0.1 0.2 0.3 
t/s 
estimated flux 
 
 
real flux 
 
 
0 0.1  0.2 0.3 
t/s 
the  curves  are  stator flux and  electromagnetic torque. The 
responses at high speed of 2000 rpm for the three kinds of 
DTC are illustrated in Fig. 9, Fig. 10 and Fig. 11, respectively. 
It is seen that in both DTC1 and DTC2, the torque ripples 
are  reduced significantly compared to  that  in  the  classical 
DTC. The torque ripple reduction is even higher for DTC2, 
validating  the effectiveness  of regulating  both vector angle 
and amplitude. For DTC1 with fixed amplitude of vectors, 
the torque ripple reduction increases with the speed, while the 
Fig. 4.    Stator estimation using LPF with compensation (simulation) 
 
 
sent to the inverter. The load is applied using a programmable 
dynamometer controller DSP6000. A 2500-pulse incremental 
encoder  is  equipped  to  obtain  the  rotor  speed  of  PMSM. 
All experimental results are recorded using the ControlDesk 
interfaced with DS1104 and PC. The parameters of motor and 
control  system are listed in Tab. I. Extensive experimental 
tests were carried out to compare the performances of the 
improved DTC with that of classical DTC, including steady- 
state response at low speed and high speed, start-up response 
and response to external load disturbance. The classical DTC, 
improved DTC regulating the vector angle only and regulating 
both vector angle and amplitude, are referred as “classical”, 
“DTC1” and “DTC2”, respectively, as illustrated in the follow- 
ing experimental results. The constant vector length in DTC1 
is m = 0.98. 
flux ripple is comparable to that in classical DTC, and a slight 
flux ripple reduction is exhibited at high speed. 
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r 
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T 
Length calc. from (16) 
Angle increment 
calc. from (13)-(15) 
 
m 
SABC 
SVM VSI PMSM 
Fig. 6.    Steady state response at 200 rpm for classical DTC 
 
 
 
LPF with 
SABC 
UDC 
s       comp. + eq. (8) 
 
 
Fig. 5.    Block diagram of proposed DTC 
IABC  
To further test the superiority of DTC2 over DTC1, Fig. 12 
shows the torque and flux waveforms when switching from 
DTC1 to DTC2 at 500 rpm without load. It is seen that the 
ripples in both torque and stator flux are reduced significantly, 
validating the effectiveness of regulating voltage amplitude. 
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Fig. 7.    Steady state response at 200 rpm for DTC1 Fig. 10.    Steady state response at 2000 rpm for DTC1 
 
 
0.14 
0.13 
0.12 
0.11 
0.1 
0.09 
 
 
 
 
0 0.2 0.4  0.6 0.8 1 
time (s) 
0.14 
0.13 
0.12 
0.11 
0.1 
0.09 
 
 
 
 
 
0 0.2 0.4  0.6 0.8 1 
time (s) 
 
2 2 
 
1 1 
 
0 0 
 
−1 −1 
 
−2 
0 0.2 0.4 0.6 0.8 1 
time (s) 
 
−2 
0 0.2 0.4 0.6 0.8 1 
time (s) 
 
Fig. 8.    Steady state response at 200 rpm for DTC2 Fig. 11.    Steady state response at 2000 rpm for DTC2 
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Fig. 9.    Steady state response at 2000 rpm for classical DTC 
 
 
 
 
The steady stator flux loci of motor at low speed and high 
speed for the three kinds of DTC are presented in Fig. 13, 
Fig. 14 and Fig. 15. Although the flux ripples of DTC1 are 
comparable to classical DTC, the stator flux loci of DTC1 are 
Fig. 12.    Switching from DTC1 to DTC2 at 500 rpm (experimental) 
 
 
closer to circles than those in classical DTC. The stator flux 
loci of DTC2 are even better with good circle shape and 
small ripples. At low speed, the vector length should be small 
to achieve a smooth stator flux, so DTC2 presents better 
performance than DTC1 in Fig. 14 with fixed vector length. 
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are calculated as follows 
v   u N  
0.2 
200rpm  
0.2 
2000rpm 
u 1 X 
ripple t N i=1 
(Te (i) − Tav ) (22) 
0.1 0.1 
v   u N u 1 X 
0 0 ripple 
t 
N i=1 
(ψs (i) − ψav ) (23) 
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where N represents the number of sampling points; Tav  and 
ψav   are the average value of torque and stator flux over N 
sampling points, respectively. 
 
Fig. 13.    Stator flux locus for classical DTC  
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Fig. 14.    Stator flux locus for DTC1 
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Fig. 16.    Comparisons of torque and flux ripples for conventional DTC and 
proposed DTC (experimental) 
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Apart from  the  steady state  tests, the  dynamic response 
and robustness against disturbance are also carried out. Fig. 
17, 18 and 19 show the start-up response without load from 
standstill to 2000 rpm for classical DTC, DTC1 and DTC2, 
respectively. By introducing anti-windup in the PI controller, 
the motor speed accelerates to the nominal speed quickly 
without overshoot. The dynamic response differences among 
classical  DTC,  DTC1  and  DTC2  are  insignificant, but  the 
torque  and  flux  ripples  in  DTC1  and  DTC2  are  reduced 
−0.2        −0.1 0 0.1 0.2 
ψ     (Wb) 
α 
−0.2        −0.1 0 0.1 0.2 
ψ   (Wb) 
α 
significantly, especially in DTC2. 
 
Fig. 15.    Stator flux locus for DTC2 
 
 
The numerical comparisons of torque and flux ripples in 
conventional DTC and proposed DTC1 and DTC2 are il- 
lustrated in Fig. 16. There is an average ripple reduction 
of 
92.4% for torque and 68.84% for flux in DTC2, validating 
the effectiveness of regulating both amplitude and length of 
voltage vectors. If only the angle of vector is regulated, it 
can  be  seen  from  Fig.  16  that  the  average  flux  ripple  is 
slightly higher than that of classical DTC except at high speed. 
Nevertheless, there is still significant torque ripple reduction 
with an average value of 52.53%, about 28.03% at 200 rpm 
and 83.65% at 2000 rpm. The results under loaded condition 
are similar to that without load. The torque and flux ripples 
The responses to external load disturbance of 2 Nm are illus- 
trated in Fig. 20, 21 and 22 for conventional DTC, DTC1 and 
DTC2, respectively. DTC1 presents similar dynamic response 
to that of classical DTC. For DTC2, to enhance the dynamic 
performance and decrease the speed drop when external load 
is applied, the vector length calculation is disabled when the 
motor speed error falls out of a certain range of 50 rpm, as 
shown in Fig. 22. During the transient process, only the vector 
angle is regulated, so the dynamic response is similar to that 
in DTC1 shown in Fig. 21. The vector length calculation is 
re-enabled when the motor speed error is less than 50 rpm. 
This does not degrade the dynamic response while maintaining 
excellent performance in steady state. 
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Fig. 17.    Start-up responses from 0 rpm to 2000 rpm for classical DTC Fig. 20.    Responses to external disturbance for classical DTC 
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Fig. 18.    Start-up responses from 0 rpm to 2000 rpm for DTC1 
 
Fig. 21.    Responses to external disturbance for DTC1 
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Fig. 19.    Start-up responses from 0 rpm to 2000 rpm for DTC2 
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Fig. 22.    Responses to external disturbance for DTC2 
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VI.  CONCLUSIONS 
 
In  this  paper,  a  novel  DTC  is  proposed  to  overcome 
the drawbacks of large torque ripple and variable switching 
frequency in classical switching-table-based DTC. Both the 
amplitude and phase of voltage vectors are regulated to control 
the torque and flux more accurately and moderately than the 
existing methods. The novel DTC employs SVM to achieve 
fixed switching frequency and reduced torque ripple. A simple 
method is developed to obtain the commanding voltage vector 
from the torque and flux errors only, and neither motor param- 
eter or rotary coordinate transformation is needed. To further 
improve the performance of system, a LPF-based voltage 
model with appropriate compensation is employed to acquire 
the accurate information of stator flux. Extensive experimental 
results prove that the system can achieve excellent steady state 
performance and quick dynamic response while retaining the 
merits of simplicity and robustness as in classical DTC. 
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